1. Introduction {#sec1-pharmaceutics-11-00578}
===============

Physiologically based pharmacokinetic (PBPK) approach has gained value in recent years as it provides novel opportunities for the prediction of systemic drug concentrations in both healthy and diseased populations \[[@B1-pharmaceutics-11-00578],[@B2-pharmaceutics-11-00578],[@B3-pharmaceutics-11-00578]\]. The PBPK models have been utilized to predict inter-individual variability associated with the absorption, distribution, metabolism and excretion (ADME) of administered drugs \[[@B4-pharmaceutics-11-00578],[@B5-pharmaceutics-11-00578],[@B6-pharmaceutics-11-00578]\]. Moreover, by providing an opportunity to incorporate pathophysiological changes occurring in a disease, the PBPK approach facilitates the construction of drug--disease models \[[@B7-pharmaceutics-11-00578],[@B8-pharmaceutics-11-00578],[@B9-pharmaceutics-11-00578],[@B10-pharmaceutics-11-00578],[@B11-pharmaceutics-11-00578]\]. Once a PBPK drug--disease model is developed and evaluated, due to its mechanistic nature, it can easily be extended to other populations and drugs \[[@B12-pharmaceutics-11-00578],[@B13-pharmaceutics-11-00578]\]. In comparison with the classical top-down modeling approach, the PBPK models have the capacity to allow incorporation of disease-specific changes that can facilitate in construction of drug--disease models \[[@B14-pharmaceutics-11-00578]\]. Therefore, the PBPK approach can be very useful in predicting ADME of administered drugs in clinically important highly prevalent diseases (e.g., Tuberculosis).

Tuberculosis is a contagious yet curable disease affecting one-third of the world's population \[[@B15-pharmaceutics-11-00578]\]. Administration of sub-therapeutic doses in tuberculosis may contribute towards the development of drug resistance \[[@B16-pharmaceutics-11-00578]\]. In tuberculosis patients, the inter-individual variation in drug response may be linked with the reported changes in plasma albumin concentration \[[@B17-pharmaceutics-11-00578],[@B18-pharmaceutics-11-00578]\]. These alterations in plasma albumin levels may have an impact on ADME of low hepatic clearance drugs \[[@B19-pharmaceutics-11-00578]\].

Rifampicin is the major drug used in treatment of tuberculosis and is metabolized mainly in the liver by various cytochrome-P450 (CYP) enzymes \[[@B20-pharmaceutics-11-00578]\]. Rifampicin is a drug with low hepatic clearance and has a bioavailability of 93--95% \[[@B21-pharmaceutics-11-00578],[@B22-pharmaceutics-11-00578]\]. Its volume of distribution is 0.33--0.53 L/kg and is highly bound to plasma proteins with a short half-life \[[@B23-pharmaceutics-11-00578],[@B24-pharmaceutics-11-00578],[@B25-pharmaceutics-11-00578]\]. The changes in albumin concentrations occurring in tuberculosis may affect ADME of low hepatic clearance drugs like rifampicin. Therefore, if a PBPK drug--disease model is developed that can incorporate changes in the plasma protein binding occurring in tuberculosis patients, it can be used to predict the impact of these changes. Furthermore, rifampicin is in clinical use for the last few decades with plethora of clinical pharmacokinetic (PK) data in the literature \[[@B15-pharmaceutics-11-00578],[@B26-pharmaceutics-11-00578],[@B27-pharmaceutics-11-00578],[@B28-pharmaceutics-11-00578]\], which makes it more befitting model drug for the development and evaluation of rifampicin-tuberculosis drug--disease model. Additionally, the developed PBPK model can also be extended to other chronic conditions such as liver cirrhosis where the pathophysiological changes in intrinsic clearance (*CL~int~*) of hepatic enzymes and plasma protein binding can have a profound effect on the PK of rifampicin \[[@B17-pharmaceutics-11-00578],[@B29-pharmaceutics-11-00578],[@B30-pharmaceutics-11-00578]\].

The previously published PBPK models for rifampicin were focused on prediction of drug--drug interactions (DDIs) by incorporating CYP3A4 induction after administration of its multiple doses \[[@B25-pharmaceutics-11-00578],[@B31-pharmaceutics-11-00578]\]. The primary focus of the presented work was to explore and identify the factors that contribute towards differences in rifampicin PK after application of its single dose in healthy and disease populations (tuberculosis and cirrhosis). The main objective of the study was to develop PBPK drug--disease models that incorporate the relevant pathophysiological changes occurring in tuberculosis and cirrhosis populations by using rifampicin (a low hepatic clearance drug) as a model drug.

2. Materials and Methods {#sec2-pharmaceutics-11-00578}
========================

2.1. Modeling Software and Strategy {#sec2dot1-pharmaceutics-11-00578}
-----------------------------------

The population-based PBPK simulator Simcyp^®^ version 16.1 (Simcyp Ltd., Sheffield, UK) was used as a platform for modeling and simulation of ADME of the selected drug. The software assimilates both in vitro and in vivo ADME data along with the physicochemical properties of the drug for evaluating the drug's exposure in both healthy and diseased populations \[[@B32-pharmaceutics-11-00578]\].

A systematic model building approach was used for PBPK model development, the process was initiated by extracting drug-specific parameters and pharmacokinetic profiles from the published literature \[[@B33-pharmaceutics-11-00578]\]. In order to select and finalize the model input parameters that govern drug distribution and clearance, the simulations were performed in healthy population after intravenous (i.v) application. The model input parameters like fraction unbound (*f*~u~) and blood to plasma ratio (B:P) were optimized at this stage by performing sensitivity analysis and manual optimization after comparing reported and predicted PK parameters. Subsequent to evaluation of the i.v predictions with the available clinical data, absorption related parameters, like human jejunum permeability (P~eff,man~) was optimized on the basis of comparison of reported and predicted values of time to reach maximum systemic drug concentration (T~max~) and was incorporated into the model for predicting drug PK after oral application.

The oral predictions were then evaluated with the reported clinical data. After successful evaluation of the developed model in the healthy population, the plasma albumin changes occurring in tuberculosis and the pathophysiological changes in organ blood flows, hepatic enzyme abundance and liver volume, etc., occurring in cirrhosis were incorporated into the developed model for predicting drug ADME in these disease populations. The systematic diagram for the developed PBPK models can be seen as in [Figure 1](#pharmaceutics-11-00578-f001){ref-type="fig"}.

2.2. Model Structure {#sec2dot2-pharmaceutics-11-00578}
--------------------

The model parameterization was initiated by thoroughly reviewing the in vitro and in vivo ADME data for rifampicin in the published literature. The final rifampicin specific input parameters for the developed PBPK model are given in [Table 1](#pharmaceutics-11-00578-t001){ref-type="table"}. The description of various model components is given below.

### 2.2.1. Physicochemical Properties {#sec2dot2dot1-pharmaceutics-11-00578}

Rifampicin (C~45~H~58~N~4~O~12~) is an ampholytic compound, having a molecular weight of 822.97 g/mol with pK~a~ value of 1.7, 7.9 and logP value of 2.7 \[[@B24-pharmaceutics-11-00578],[@B34-pharmaceutics-11-00578]\]. Further details for physicochemical parameters can be seen in [Table 1](#pharmaceutics-11-00578-t001){ref-type="table"}.

### 2.2.2. Absorption {#sec2dot2dot2-pharmaceutics-11-00578}

The advanced dissolution, absorption and metabolism (ADAM) model was used for the prediction of oral drug absorption \[[@B35-pharmaceutics-11-00578]\]. The reported value of P~eff~: 2.15 × 10^−4^ cm/s \[[@B23-pharmaceutics-11-00578]\] was associated with delayed prediction of time to reach maximum plasma concentration (T~max~). This value was optimized to 2.4 × 10^−4^ cm/s by performing sensitivity analysis and manual optimization after comparing reported and predicted values of T~max~.

### 2.2.3. Distribution {#sec2dot2dot3-pharmaceutics-11-00578}

A whole-body full PBPK model was used for the prediction of drug distribution. The Rodger and Rowland method (method-2 within the Simcyp^®^) was used for predicting volume of distribution at steady-state (V~ss~) \[[@B36-pharmaceutics-11-00578]\]. The predicted V~ss~ value of 0.48 L/kg was comparable to the reported range of 0.33--0.53 L/kg in the literature \[[@B23-pharmaceutics-11-00578],[@B24-pharmaceutics-11-00578],[@B25-pharmaceutics-11-00578]\].

### 2.2.4. Elimination {#sec2dot2dot4-pharmaceutics-11-00578}

In the developed model the hepatic clearance (CL~H~) was assigned as intravenous clearance (CL~iv~). The CL~iv~ and renal clearance (CL~R~) values of 7 L/h \[[@B24-pharmaceutics-11-00578]\] and 1.5 L/h \[[@B25-pharmaceutics-11-00578]\] respectively were used for predicting rifampicin clearance.

2.3. Population Specific (System) Data {#sec2dot3-pharmaceutics-11-00578}
--------------------------------------

The demographic, anatomic and physiologic parameters that were used in the creation of virtual populations (healthy and disease) were based on Simcyp population libraries.

### 2.3.1. Disease-Specific Pathophysiological Changes {#sec2dot3dot1-pharmaceutics-11-00578}

#### Tuberculosis

It has been reported that patients with tuberculosis have lower plasma albumin levels \[[@B37-pharmaceutics-11-00578]\]. This decrease in plasma albumin concentration can lead to alterations in the free fraction of administered drugs in tuberculosis patients \[[@B37-pharmaceutics-11-00578]\]. Since rifampicin is a drug with low hepatic clearance and is mainly bound to plasma albumin, therefore its ADME may alter with changes in plasma albumin concentration \[[@B19-pharmaceutics-11-00578]\]. In tuberculosis, the reported reduction in plasma albumin levels ranges between 30--39 g/L \[[@B17-pharmaceutics-11-00578]\]. Based on the comparison between observed vs. predicted PK profiles, the plasma albumin value in the developed PBPK model was reduced to 38 g/L in tuberculosis population for prediction of rifampicin ADME. The tuberculosis patients generally weigh less, and this was accounted for during creation of virtual tuberculosis population. The weight range of the simulated tuberculosis population was comparable with that of the reported clinical study.

#### Liver Cirrhosis

Liver cirrhosis is associated with a wide range of pathophysiological changes that can influence the PK of administered drugs. This includes alterations in: CL~int~ of metabolic enzymes, hepatic blood flow, renal blood flow, gastric emptying, liver volume and albumin concentrations \[[@B9-pharmaceutics-11-00578],[@B38-pharmaceutics-11-00578]\]. The severity of liver disease is usually assessed by Child--Pugh (CP) score \[[@B9-pharmaceutics-11-00578]\]. By using CP score we can categorize liver cirrhosis patients into three categories i.e., CP-A (mild impairment), CP-B (moderate impairment) and CP-C (severe impairment) \[[@B38-pharmaceutics-11-00578]\]. The liver cirrhosis population is stratified into CP classes (A--C) within Simcyp^®^ \[[@B38-pharmaceutics-11-00578]\].

2.4. Ethics {#sec2dot4-pharmaceutics-11-00578}
-----------

No ethical approval was required for this study as the clinical PK data sets used for model evaluation in healthy and disease patients were sourced from published studies ([Table 2](#pharmaceutics-11-00578-t002){ref-type="table"} and [Table 3](#pharmaceutics-11-00578-t003){ref-type="table"}). The reported mean systemic rifampicin concentration vs. time profiles were scanned by using GetData Graph Digitizer (version 2.26) \[[@B39-pharmaceutics-11-00578]\].

2.5. Pharmacokinetic Data
-------------------------

Extensive literature searches were performed using various online search engines: PubMed and Google Scholar to screen for rifampicin related PK studies. Initial screening of PK studies was based on the presence of rifampicin plasma concentration vs. time profiles in the literature. The final selection of reported rifampicin PK studies was based on the presence of clear information on administered dose, disease state, fasting/fed state, the proportion of females and age. Finally, 22 clinical studies and 36 mean systemic rifampicin concentration vs. time profiles were included in the model development and evaluation process, among which 15 studies with 26 profiles (i.v = 2 and oral = 24) and 358 healthy individuals were included. Five studies were in tuberculosis patients with 6 profiles and 122 individuals and 1 in cirrhosis (CP-A) with 4 profiles and 28 individuals were used. The data used for rifampicin model development and evaluation in healthy and disease populations are given in [Table 2](#pharmaceutics-11-00578-t002){ref-type="table"} and [Table 3](#pharmaceutics-11-00578-t003){ref-type="table"}.

2.6. Model Evaluation {#sec2dot6-pharmaceutics-11-00578}
---------------------

Simulations were executed by selecting a population of 100 individuals as there was no significant difference in prediction results after using a higher number of virtual individuals (200 or 300). Therefore, as seen in other published studies \[[@B54-pharmaceutics-11-00578],[@B55-pharmaceutics-11-00578],[@B56-pharmaceutics-11-00578],[@B57-pharmaceutics-11-00578],[@B58-pharmaceutics-11-00578],[@B59-pharmaceutics-11-00578]\] a population of 100 virtual individuals with same age range, dosing, route of administration, female proportion, and fed/fast state as mentioned in the reference study was used in all the simulations. The model evaluation was performed by using visual predictive checks and comparison of predicted and observed values of PK parameters. The PK parameters, area under the plasma concentration vs. time curve from time zero to infinity (AUC~0--∞~), maximum plasma concentration (C~max~) and clearance (CL) were used for comparison between observed and predicted data. A non-compartmental analysis (NCA) was performed on observed and predicted plasma concentration vs. time profiles using PK SOLVER program \[[@B60-pharmaceutics-11-00578]\]. Moreover, mean observed/predicted ratios for AUC~0--∞~, C~max~ and CL along with their 95% confidence intervals (CI), average fold error (AFE) and root mean square error (RMSE) were used for model evaluation. The values of ratio~(Obs/pred)~, AFE and RMSE were calculated separately for each population by using Equations (1)--(3). The fold error was calculated by dividing the observed value of the PK parameter with its predicted value. A two-fold error range was used as a reference for evaluation of ratio~(Obs/pred)~ for PK parameters. In order to fall within the two-fold error range, the ratio~(Obs/pred)~ of the PK parameters should be within 0.5--2-fold range \[[@B33-pharmaceutics-11-00578],[@B38-pharmaceutics-11-00578],[@B61-pharmaceutics-11-00578],[@B62-pharmaceutics-11-00578],[@B63-pharmaceutics-11-00578]\]. Furthermore, the mean observed and predicted values for the PK parameters along with their range were also used for comparing results. The mean observed and predicted values of PK parameters refer to the mean of all the mean observed and predicted rifampicin profiles that were used for model evaluation. Since, there were only two iv studies that were used for model evaluation in healthy population, the ratio~(Obs/pred)~ for PK parameters was reported as mean with range instead of mean with 95% CI. Lastly, the goodness of fit plots were used for the identification of systematic errors in the model predictions.

Mean observed/predicted ratio $$ratio_{(\frac{obs}{pred})} = \frac{observed~value~of~PK~parameter}{predicted~value~of~PK~parameter}$$

Average fold error $$AFE = ~10^{\frac{\sum\log{({fold~error})}}{N}}$$

Root mean square error $$RMSE = ~\sqrt{\frac{\sum_{1}^{N}{(observed~value~of~PK~parameter~ - ~predicted~value~of~PK~parameter~)}^{2}}{N}}$$

2.7. Simulations in Different Clinical Scenarios {#sec2dot7-pharmaceutics-11-00578}
------------------------------------------------

The developed model was also used to predict rifampicin PK in different clinical scenarios, where no clinical data was available as there was only one clinical study in cirrhosis patients with Child--Pugh-A class and simulations were performed with same administered oral doses in Child--Pugh B and C populations so that rifampicin exposure can be compared between healthy and disease populations. Similarly, rifampicin exposure after i.v application was also predicted to show differences in AUC between healthy and disease populations.

3. Results {#sec3-pharmaceutics-11-00578}
==========

3.1. Healthy Population {#sec3dot1-pharmaceutics-11-00578}
-----------------------

The observed and predicted PK profiles of rifampicin after i.v and oral administration in healthy individuals are shown in [Figure 2](#pharmaceutics-11-00578-f002){ref-type="fig"}. It is evident from the visual predictive checks that the model has captured the observed data effectively after i.v doses of 450--600 mg and oral doses of 300--600 mg, 10 mg/kg. Moreover, the mean AUC~0--∞~ ratio~(Obs/pred)~ after i.v and oral application were 0.82 (range: 0.76--0.89) and 0.84 (95% CI 0.74--0.94), respectively and the ratio~(Obs/pred)~ for C~max~ and CL were also within the allowed two-fold error range ([Table 4](#pharmaceutics-11-00578-t004){ref-type="table"} and [Table 5](#pharmaceutics-11-00578-t005){ref-type="table"}, [Figure 3](#pharmaceutics-11-00578-f003){ref-type="fig"}). Additionally, residual plots demonstrated that there was no systematic error in model predictions ([Figure 4](#pharmaceutics-11-00578-f004){ref-type="fig"}A--F). The median observed and predicted plasma concentration-time profiles of rifampicin in healthy adults can be seen in [supplementary Figure S1](#app1-pharmaceutics-11-00578){ref-type="app"}.

3.2. Tuberculosis Patients {#sec3dot2-pharmaceutics-11-00578}
--------------------------

The predicted outcomes of the model after oral administration of rifampicin in tuberculosis patients were in complete harmony with the observed data ([Figure 5](#pharmaceutics-11-00578-f005){ref-type="fig"}) and this was further confirmed by looking into the residual plots ([Figure 4](#pharmaceutics-11-00578-f004){ref-type="fig"}G--I). It can be seen from the systemic drug concentration vs. time plots that the model predictions have captured the observed after administering oral doses between 450--600 mg and 10 mg/kg. Furthermore, the AFE and RMSE for CL/F were 1.02 and 1.04 respectively. The ratio ~(Obs/pred)~ for all the PK parameters were within the two-fold error range ([Table 4](#pharmaceutics-11-00578-t004){ref-type="table"} and [Table 5](#pharmaceutics-11-00578-t005){ref-type="table"}, [Figure 3](#pharmaceutics-11-00578-f003){ref-type="fig"}). The model predictions showed that there was decrease in rifampicin AUC after application of 600 mg single dose of i.v rifampicin in tuberculosis patients as the mean AUC (µg/mL·h) reduced from 78.1 (range: 38.5--147.6) in healthy population to 70.6 (range: 37.6--122.3) in tuberculosis population ([Figure 6](#pharmaceutics-11-00578-f006){ref-type="fig"}E).

3.3. Liver Cirrhosis Patients {#sec3dot3-pharmaceutics-11-00578}
-----------------------------

The developed cirrhosis model effectively predicted rifampicin concentration time profiles after administering an oral dose of 4--10 mg/kg in cirrhosis patients. The visual predictive checks ([Figure 7](#pharmaceutics-11-00578-f007){ref-type="fig"}) and residual plots ([Figure 4](#pharmaceutics-11-00578-f004){ref-type="fig"}J--L) showed that these predictions were in complete agreement with the observed clinical data. Additionally, the AFE and RMSE values for CL/F (0.98 and 0.009 respectively) showed that the developed model has adequately captured rifampicin disposition in cirrhosis patients. The ratio~(Obs/pred)\ for~ AUC~0--∞~ and C~max~, were within the two-fold error range ([Table 4](#pharmaceutics-11-00578-t004){ref-type="table"} and [Table 5](#pharmaceutics-11-00578-t005){ref-type="table"}, [Figure 3](#pharmaceutics-11-00578-f003){ref-type="fig"}). The simulated results showed that there was an increase in rifampicin AUC after oral application in cirrhosis populations (CP-A--C). A decrease in predicted AUC was seen in cirrhosis CP-A and B populations in comparison with healthy population after application of 600 mg i.v rifampicin ([Figure 6](#pharmaceutics-11-00578-f006){ref-type="fig"}A--D,F).

4. Discussion {#sec4-pharmaceutics-11-00578}
=============

In the presented study, pathophysiological changes occurring in tuberculosis and cirrhosis were integrated into a whole-body PBPK model for the prediction of rifampicin exposure. The developed disease models were effective in predicting rifampicin PK in both tuberculosis and cirrhosis populations after single-dose application.

The developed model has captured the rifampicin disposition in a healthy population after i.v drug administration, as evident by an accord between the mean observed and predicted CL values of 8.0 L/h (range: 7.86--8.15) \[[@B40-pharmaceutics-11-00578]\] and 6.2 L/h, respectively. Similarly, the mean observed and predicted CL/F values after oral rifampicin administration were 9.2 L/h (range: 5.82--13.7 L/h) \[[@B15-pharmaceutics-11-00578],[@B26-pharmaceutics-11-00578],[@B27-pharmaceutics-11-00578],[@B28-pharmaceutics-11-00578],[@B37-pharmaceutics-11-00578],[@B41-pharmaceutics-11-00578],[@B42-pharmaceutics-11-00578],[@B43-pharmaceutics-11-00578],[@B44-pharmaceutics-11-00578],[@B45-pharmaceutics-11-00578],[@B46-pharmaceutics-11-00578],[@B47-pharmaceutics-11-00578],[@B48-pharmaceutics-11-00578],[@B49-pharmaceutics-11-00578]\] and 7.4 L/h (range: 7.02--9.60), respectively. Moreover, the AFE for the AUC~0--∞~ and C~max~ after i.v and oral administration was 0.78 and 0.80, 1.14 and 0.79, respectively, suggesting that the developed model has successfully captured the oral drug absorption process. Furthermore, the developed PBPK model has effectively predicted the drug bioavailability (F) in healthy population i.e., 84% (range 41--95%) which was comparable with the observed value of 93--95% \[[@B21-pharmaceutics-11-00578]\].

It has been reported that the plasma albumin concentrations are altered in tuberculosis patients and these changes can potentially affect the ADME of low hepatic clearance drugs \[[@B17-pharmaceutics-11-00578],[@B19-pharmaceutics-11-00578]\]. Since rifampicin is a drug with low hepatic clearance, thus its PK is susceptible to the changes in its free fraction \[[@B19-pharmaceutics-11-00578],[@B22-pharmaceutics-11-00578]\]. The unbound fraction (*f*~u~) of rifampicin is increased in tuberculosis patients as the plasma albumin concentration declines, which in turn can increase the CL/F of rifampicin \[[@B64-pharmaceutics-11-00578]\]. Conversely, in the present study, a slight reduction in rifampicin CL/F was seen. The mean observed and predicted rifampicin CL/F values were slightly reduced from 9.2 L/h (range: 5.82--13.7 L/h) L/h and 7.4 L/h (range: 7.022--9.60) in healthy population \[[@B15-pharmaceutics-11-00578],[@B26-pharmaceutics-11-00578],[@B27-pharmaceutics-11-00578],[@B28-pharmaceutics-11-00578],[@B37-pharmaceutics-11-00578],[@B41-pharmaceutics-11-00578],[@B42-pharmaceutics-11-00578],[@B43-pharmaceutics-11-00578],[@B44-pharmaceutics-11-00578],[@B45-pharmaceutics-11-00578],[@B46-pharmaceutics-11-00578],[@B47-pharmaceutics-11-00578],[@B48-pharmaceutics-11-00578],[@B49-pharmaceutics-11-00578]\] to 7.0 L/h (range: 4.97--8.44) and 6.90 L/h (range: 6.5--7.25), respectively, in tuberculosis population \[[@B15-pharmaceutics-11-00578],[@B37-pharmaceutics-11-00578],[@B50-pharmaceutics-11-00578],[@B51-pharmaceutics-11-00578],[@B52-pharmaceutics-11-00578]\]. The developed rifampicin-tuberculosis PBPK model has successfully captured this change in CL/F that is evident from the mean CL/F ratio~(Obs/pred)~ of 1.08 (95% CI 0.82--1.32) and RMSE of 1.04.

Theoretically, the increase in *f*~u~ of low hepatic clearance drugs like rifampicin in tuberculosis patients may lead to an increase in its CL/F, but in our study a decline in observed and reported rifampicin CL/F has been seen. This finding can be supported by the fact that the exposure of low hepatic clearance drugs that are metabolized primarily in liver is not dependent upon changes in their plasma protein binding \[[@B65-pharmaceutics-11-00578]\]. Moreover, protein binding changes can have a significant impact on ADME of administered drug when a high non-hepatic clearance drug is administered intravenously, or a high hepatic clearance and a narrow therapeutic index drug is administered orally \[[@B65-pharmaceutics-11-00578]\].

The administration of multiple doses of rifampicin in tuberculosis patients is associated with an increase in CL/F, as its value is increased from 4.5 L/h on day 1 to 6.8 L/h on day 14 \[[@B66-pharmaceutics-11-00578]\]. This increase in rifampicin CL/F is associated with the induction of hepatic enzymes \[[@B67-pharmaceutics-11-00578]\]. Since, rifampicin is hepatically metabolized by CYP-enzymes (1A2, 2C9, 2C19, 3A4 and 3A5) and it has the ability to induce these enzymes, that is why its CL/F is increased in tuberculosis patients receiving multiple doses of rifampicin \[[@B67-pharmaceutics-11-00578],[@B68-pharmaceutics-11-00578]\]. Moreover, it has been seen that rifampicin CL/F is also increased in malnourished tuberculosis patients \[[@B69-pharmaceutics-11-00578]\]. This increase in rifampicin CL/F in malnourished tuberculosis patients is directly linked with poor drug absorption along with low serum albumin concentrations and induction of hepatic enzymes after administration of multiple doses of rifampicin \[[@B66-pharmaceutics-11-00578],[@B69-pharmaceutics-11-00578],[@B70-pharmaceutics-11-00578]\].

Liver cirrhosis is a condition that has been associated with various pathophysiological changes including a reduction in organ blood flows (hepatic and renal), albumin concentration, liver size and changes in abundance of hepatic enzymes that can have a significant impact on exposure of both low and high hepatic clearance drugs \[[@B38-pharmaceutics-11-00578],[@B71-pharmaceutics-11-00578],[@B72-pharmaceutics-11-00578]\]. All of these pathophysiological changes have been incorporated within Simcyp^®^ cirrhosis populations (CP, A-C) \[[@B38-pharmaceutics-11-00578]\]. Since the clinical PK data were only available in CP-A population, the developed rifampicin-cirrhosis model was evaluated only in CP-A population \[[@B53-pharmaceutics-11-00578]\]. The model predictions in cirrhosis population showed an increase in rifampicin exposure that was consistent with the reported clinical data \[[@B73-pharmaceutics-11-00578]\]. In cirrhosis (CP-A) population, the observed and predicted AUC~0--∞~ after administration of 10 mg/kg dose of rifampicin was 68.8 and 86.2 µg/mL·h, respectively \[[@B53-pharmaceutics-11-00578]\]. Moreover, in comparison with the healthy adults, the mean observed and predicted CL/F values were lower in cirrhotic patients. The decrease in rifampicin CL/F in liver cirrhosis patients is mainly associated with reduction in liver volume and plasma albumin concentration in these patients \[[@B38-pharmaceutics-11-00578]\].

The focus of the previously published PBPK models of rifampicin was prediction of DDIs by incorporating data related to CYP3A4 induction after administration of multiple drug doses \[[@B25-pharmaceutics-11-00578],[@B31-pharmaceutics-11-00578]\]. On the other hand, the present work was focused on understanding rifampicin PK after single-dose administration in healthy and disease populations (tuberculosis and cirrhosis). The presented PBPK models have successfully predicted rifampicin PK after single-dose administration in healthy, tuberculosis and cirrhosis populations as the ratio~(Obs/pred)~ for the PK parameters (AUC~0--∞~, CL/F and C~max~) were within the two-fold error range ([Figure 3](#pharmaceutics-11-00578-f003){ref-type="fig"}).

5. Conclusions {#sec5-pharmaceutics-11-00578}
==============

The developed drug--disease PBPK models for rifampicin have efficiently predicted rifampicin PK in tuberculosis and cirrhosis populations. The incorporation of plasma albumin concentration changes in tuberculosis population resulted in improved predictions, as the rifampicin-tuberculosis PBPK model has successfully captured the decrease in rifampicin CL/F reported previously in the literature. Furthermore, the addition of pathophysiological changes relevant to cirrhosis in the developed rifampicin-cirrhosis PBPK model resulted in successful prediction of PK parameters. The developed rifampicin-cirrhosis PBPK model was only evaluated with the CP-A population but due to the mechanistic nature of the developed PBPK model it may also be extrapolated to CP-B and C populations, where no relevant clinical PK data is available. The developed rifampicin-cirrhosis PBPK model may have many clinical implications in dose selection for cirrhosis patients.

6. Limitations {#sec6-pharmaceutics-11-00578}
==============

For the development and evaluation of rifampicin PBPK models, the systemic concentration vs. time data points were obtained by scanning the figures from the published literature. Although the PK parameters that were derived from the scanned profiles were comparable with the reported values in literature, slight differences cannot be ruled out.

In the presented PBPK models, only CL~iv~ and CL~R~ were used for predicting drug clearance. Although it will be more relevant if we had used individual CYP-enzyme CL, this was not possible due to absence of clear information on individual CYP-enzymes in the literature.

In order to improve the model predictions, some of the model input parameter values were optimized (B/P, *f*~u~ and P~eff~). The selection of final model input parameters was based on a comparison of observed and predicted profiles after performing sensitivity analysis and manual optimization.

Due to the presence of clear published information on the decrease in plasma albumin concentration in tuberculosis patients, these pathophysiological changes were most relevant to the ADME of administered drugs in this disease. Therefore, the change in albumin concentration was the only pathophysiological modification that was incorporated into the developed tuberculosis model.

Keeping in view that the primary focus of the presented work was to explore the differences in ADME of rifampicin after application of its single dose in healthy and disease populations, no enzyme induction data was incorporated into the model, and therefore it was not able to account for the auto-induction process associated with multiple-dose application of rifampicin. This inability of the developed models to account for the auto-induction process can be regarded as the main limitation of the presented work.

The disease-related clinical information presented in the study only consisted of albumin and bilirubin values to evaluate rifampicin-cirrhosis PBPK model. Therefore, the calculated CP score was based on these two parameters that lead to categorization of cirrhosis patients into CP-A class.

The authors thank Certara for providing an academic research license for the program, Simcyp^®^.

The following are available online at <https://www.mdpi.com/1999-4923/11/11/578/s1>, Figure S1: Observed and predicted plasma concentration-time profiles of rifampicin in healthy adults (**A**--**C**) and in tuberculosis patients (**D**) after oral administration. Healthy individual after oral administration: (**A**) 300 mg, (**B**) 600 mg, (**C**) 450 mg, (**D**) 450 mg.
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![Systematic diagram for the development and evaluation of rifampicin PBPK models in healthy and diseased patients. PBPK; Physiologically based pharmacokinetic, ADAM: advanced dissolution, absorption and metabolism, P~eff~: human jejunum permeability, V~ss~: volume of distribution at steady-state, CL~iv~: intravenous clearance, CL~R~: renal clearance, PK: pharmacokinetic, i.v: intravenous, TB: tuberculosis.](pharmaceutics-11-00578-g001){#pharmaceutics-11-00578-f001}

![Observed and predicted plasma concentration-time profiles of rifampicin in healthy adults after iv and oral administration. Healthy individual after i.v administration: (**A**) 450 mg, (**B**) 600 mg \[[@B40-pharmaceutics-11-00578]\]. Healthy individual after oral administration: (**C**) 300 mg \[[@B41-pharmaceutics-11-00578],[@B49-pharmaceutics-11-00578]\], (**D**) 600 mg \[[@B26-pharmaceutics-11-00578],[@B27-pharmaceutics-11-00578],[@B28-pharmaceutics-11-00578],[@B42-pharmaceutics-11-00578],[@B43-pharmaceutics-11-00578],[@B44-pharmaceutics-11-00578],[@B45-pharmaceutics-11-00578],[@B46-pharmaceutics-11-00578]\], (**E**) 450 mg \[[@B37-pharmaceutics-11-00578],[@B45-pharmaceutics-11-00578],[@B48-pharmaceutics-11-00578]\], (**F**) 10 mg/kg \[[@B15-pharmaceutics-11-00578],[@B47-pharmaceutics-11-00578]\]. The observed data are shown as filled colored circles. The predicted results are shown as mean (solid line), maximum value and minimum value (dashed line) and the 5th--95th percentiles (dotted line).](pharmaceutics-11-00578-g002){#pharmaceutics-11-00578-f002}

![Comparison of observed and predicted pharmacokinetic parameters. The area under the curve from time 0 to the infinity (AUC~0--∞~) (**A**), drug clearance (CL) (**B**) and the maximum systemic concentration (C~max~) (**C**) in healthy, tuberculosis and cirrhosis populations. Results are represented as mean observed/predicted ratio \[ratio~(Obs/Pred)~\] values with 95% confidence interval. \* value presented as mean with range.](pharmaceutics-11-00578-g003){#pharmaceutics-11-00578-f003}

![The goodness of fit plots in healthy and diseased population. (**A**,**D**,**G**,**J**) show predicted vs. observed systemic concentration plots. (**B**,**E**,**H**,**K**) show residuals vs. predicted systemic concentration plots. (**C**,**F**,**I**,**L)** show residuals vs. time plots. Intravenous application in healthy population: (**A**--**C**). Oral application in healthy population: (**D**--**F**). Oral application in tuberculosis patients: (**G**--**I**). Oral application in cirrhosis patients: (**J**--**L**). The square, diamonds and circles represent the observed and predicted systemic rifampicin concentrations. The solid line indicates line of identity; dash line indicates two-fold error range.](pharmaceutics-11-00578-g004){#pharmaceutics-11-00578-f004}

![Observed and predicted plasma concentration-time profiles of rifampicin in tuberculosis patients after oral administration. Tuberculosis patients after oral administration (**A**) 450 mg/kg \[[@B37-pharmaceutics-11-00578],[@B50-pharmaceutics-11-00578],[@B51-pharmaceutics-11-00578],[@B52-pharmaceutics-11-00578]\], (**B**) 600 mg \[[@B50-pharmaceutics-11-00578]\], (**C**) 10 mg/kg \[[@B15-pharmaceutics-11-00578]\]. The observed data are shown as filled colored circles. The predicted results are shown as mean (solid line), maximum value and minimum value (dashed line) and the 5th--95th percentiles (dotted line).](pharmaceutics-11-00578-g005){#pharmaceutics-11-00578-f005}

![Box plots showing the mean area under the curve (AUC) along with 5th--95th percentiles confidence intervals (CI) for oral and i.v rifampicin in healthy, cirrhosis (**A**--**D**,**F**) and tuberculosis (**E**) populations. CP: Child--Pugh class.](pharmaceutics-11-00578-g006){#pharmaceutics-11-00578-f006}

![Observed and predicted plasma concentration-time profiles of rifampicin in cirrhosis patients after oral administration. Cirrhosis patients after oral administration (**A**) 4 mg/kg, (**B**) 6 mg/kg, (**C**) 8 mg/kg and (**D**) 10 mg/kg \[[@B53-pharmaceutics-11-00578]\]. The observed data are shown as filled colored circles. The predicted results are shown as mean (solid line), maximum value and minimum value (dashed line) and the 5th--95th percentiles (dotted line).](pharmaceutics-11-00578-g007){#pharmaceutics-11-00578-f007}

pharmaceutics-11-00578-t001_Table 1

###### 

Rifampicin input parameters and characteristics for the developed PBPK model.

  Parameters                       Reported Values             Model Input Values   Reference
  -------------------------------- --------------------------- -------------------- -----------------------------------------------------------------------------------------------
  **Physicochemical Properties**                                                    
  Molecular weight (g/mol)         822.9                       822.9                \[[@B34-pharmaceutics-11-00578]\]
  Log*P*~o:w~                      2.7                         2.7                  \[[@B34-pharmaceutics-11-00578]\]
  pK~a~^1^                         1.7                         1.7                  \[[@B24-pharmaceutics-11-00578]\]
  pK~a~^2^                         7.9                         7.9                  \[[@B24-pharmaceutics-11-00578]\]
  Compound type                    Ampholyte                                        
  **Absorption**                                                                    
  Model                            ADAM                                             
  P~eff,man~ (cm/s)                2.15 × 10^−4^               2.4 × 10^−4\ a^      \[[@B23-pharmaceutics-11-00578]\]
  **Distribution**                                                                  
  Model                            Full PBPK                                        
  Prediction Method 2              Rodger and Rowland method                        
  B/P ratio                        0.52--0.90                  0.67 ^a^             \[[@B24-pharmaceutics-11-00578],[@B25-pharmaceutics-11-00578]\]
  *f* ~u~                          0.15                        0.34 ^a^             \[[@B24-pharmaceutics-11-00578]\]
  V~ss~ (L/kg)                     0.33--0.53                  0.33                 \[[@B23-pharmaceutics-11-00578],[@B24-pharmaceutics-11-00578],[@B25-pharmaceutics-11-00578]\]
  **Elimination**                                                                   
  CL~iv~ (L/h)                     7                           7                    \[[@B24-pharmaceutics-11-00578]\]
  CL~R~ (L/h)                      1.5                         1.5                  \[[@B25-pharmaceutics-11-00578]\]

Log*P*~o:w~: octanol-water partition coefficient, ADAM: advanced dissolution, absorption and metabolism, P~eff~: human jejunum permeability, *f*~u~: fraction of unbound drug in plasma, V~ss~: volume of distribution at steady-state, CL~iv~: intravenous clearance, CL~R~: renal clearance. ^a^ manually optimized values based on visual predictive checks and sensitivity analysis.

pharmaceutics-11-00578-t002_Table 2

###### 

Population data for rifampicin model development in healthy population.

  No   Population   No. of Subjects   Dose       Route                  Age (Years)   Weight (kg)   Female Proportion   Reference Study \*
  ---- ------------ ----------------- ---------- ---------------------- ------------- ------------- ------------------- -----------------------------------
  1    Healthy      2                 450 mg     Intravenous infusion   25--60                      0                   \[[@B40-pharmaceutics-11-00578]\]
  2    Healthy      6                 600 mg     Intravenous infusion   25--60                      0                   \[[@B40-pharmaceutics-11-00578]\]
  3    Healthy      12                300 mg     Oral                   25--53        48--88        0                   \[[@B41-pharmaceutics-11-00578]\]
  4    Healthy      24                600 mg     Oral                   19--45        60--101.4     0                   \[[@B42-pharmaceutics-11-00578]\]
  5    Healthy      18                600 mg     Oral                   18--55        \>50          0                   \[[@B43-pharmaceutics-11-00578]\]
  6    Healthy      22                600 mg     Oral                   18--55        \>50          0                   \[[@B44-pharmaceutics-11-00578]\]
  7    Healthy      16                600 mg     Oral                   28--59        51--80        0.68                \[[@B28-pharmaceutics-11-00578]\]
  8    Healthy      18                600 mg     Oral                   18--40        Mean: 68.73   0.5                 \[[@B26-pharmaceutics-11-00578]\]
  9    Healthy      66                450 mg     Oral                   18--55        \>50          0.5                 \[[@B45-pharmaceutics-11-00578]\]
  10   Healthy      61                600 mg     Oral                   18--55        \>50                              \[[@B45-pharmaceutics-11-00578]\]
  11   Healthy      19                600 mg     Oral                   19--29        49--95        0.73                \[[@B27-pharmaceutics-11-00578]\]
  12   Healthy      8                 600 mg     Oral                   18--50        Mean: 79.3    0.5                 \[[@B46-pharmaceutics-11-00578]\]
  13   Healthy      6                 10 mg/kg   Oral                   60--95        44--81        0.33                \[[@B47-pharmaceutics-11-00578]\]
  14   Healthy      13                450 mg     Oral                   18--45                      0                   \[[@B48-pharmaceutics-11-00578]\]
  15   Healthy      13                450 mg     Oral                   15--59                      0                   \[[@B37-pharmaceutics-11-00578]\]
  16   Healthy      30                300 mg     Oral                                               0.5                 \[[@B49-pharmaceutics-11-00578]\]
  17   Healthy      24                10 mg/kg   Oral                   18--65                      0.6                 \[[@B15-pharmaceutics-11-00578]\]

\* All the above-mentioned clinical studies were conducted in a fasting state.

pharmaceutics-11-00578-t003_Table 3

###### 

Population data for rifampicin model development in the diseased population.

  No.   Population        No. of Subjects   Dose       Route   Age (Years)   Weight (kg)   Female Proportion   Reference Study
  ----- ----------------- ----------------- ---------- ------- ------------- ------------- ------------------- -----------------------------------
  1     Tuberculosis      24                10 mg/kg   Oral    18--65                      0.6                 \[[@B15-pharmaceutics-11-00578]\]
  2     Tuberculosis      23                600 mg     Oral    18--55        Mean: 47      0.47                \[[@B50-pharmaceutics-11-00578]\]
  3     Tuberculosis      24                450 mg     Oral    18--55        Mean: 47      0.47                \[[@B50-pharmaceutics-11-00578]\]
  4     Tuberculosis      18                450 mg     Oral    18--60        47.3          0.61                \[[@B51-pharmaceutics-11-00578]\]
  5     Tuberculosis      13                450 mg     Oral    15--59                      0                   \[[@B37-pharmaceutics-11-00578]\]
  6     Tuberculosis      20                450 mg     Oral    Mean: 40.5    Mean: 42.9    0.4                 \[[@B52-pharmaceutics-11-00578]\]
  7     Liver cirrhosis   7                 4 mg/kg    Oral    18--60                                          \[[@B53-pharmaceutics-11-00578]\]
  8     Liver cirrhosis   7                 6 mg/kg    Oral    18--60                                          \[[@B53-pharmaceutics-11-00578]\]
  9     Liver cirrhosis   7                 8 mg/kg    Oral    18--60                                          \[[@B53-pharmaceutics-11-00578]\]
  10    Liver cirrhosis   7                 10 mg/kg   oral    18--60                                          \[[@B53-pharmaceutics-11-00578]\]

pharmaceutics-11-00578-t004_Table 4

###### 

Comparison between observed and predicted pharmacokinetic parameters in healthy, tuberculosis and cirrhosis populations following i.v and oral rifampicin administration.

  PK Parameters                    Dose     Healthy   Tuberculosis   Liver Cirrhosis                   
  -------------------------------- -------- --------- -------------- ----------------- ------- ------- --
  **Intravenous Administration**                                                                       
  **AUC~0--∞~ (µg/mL·h)**          450 mg   52.49     58.16                                            
  600 mg                           73.50    96.38                                                      
  **CL (L/h)**                     450 mg   7.86      6.23                                             
  600 mg                           8.15     6.22                                                       
  **C~max~ (µg/mL)**               450 mg   12.53     9.80                                             
  600 mg                           13.61    13.07                                                      
  **Oral Administration**                                                                              
  **AUC~0--∞~ (µg/mL·h)**          300 mg   29.93     40.19                                            
  450 mg                           42.04    60.20     65.52          64.67                             
  600 mg                           76.95    81.06     93.40          86.70                             
  4 mg/kg                                                                              29.6    33.8    
  6 mg/kg                                                                              70.4    50.7    
  8 mg/kg                                                                              65.2    67.6    
  10 mg/kg                         68.85    86.20     66.7           95.3              95.1    84.5    
  **CL (L/h)**                     300 mg   9.98      7.38                                             
  450 mg                           10.77    7.44      7.15           6.92                              
  600 mg                           8.25     7.44      6.4            0.9                               
  4 mg/kg                                                                              0.135   0.113   
  6 mg/kg                                                                              0.085   0.113   
  8 mg/kg                                                                              0.122   0.113   
  10 mg/kg                         0.145    0.115     0.14           0.10              0.105   0.113   
  **C~max~ (µg/mL)**               300 mg   5.37      5.47                                             
  450 mg                           5.88     9.08      8.30           11.45                             
  600 mg                           9.85     10.30     13.3           15.6                              
  4 mg/kg                                                                              5.50    5.52    
  6 mg/kg                                                                              12.10   8.28    
  8 mg/kg                                                                              11.70   11.04   
  10 mg/kg                         10.8     10.55     8.50           18.4              17.40   13.80   

pharmaceutics-11-00578-t005_Table 5

###### 

Comparison between observed and predicted pharmacokinetic parameters with their observed/predicted ratios, average fold error and root mean square error in healthy, tuberculosis and cirrhosis populations following i.v and oral rifampicin administration.

  Parameters                                           Mean Ratio~obs/pred~ (Range)   AFE    RMSE
  ---------------------------------------------------- ------------------------------ ------ -------
  **Intravenous Application in Healthy Population**                                          
  AUC~0--∞~ (µg/mL·h)                                  0.82 (0.76--0.89)              0.78   19.39
  CL (L/h)                                             1.28 (1.26--1.31)              1.27   1.78
  C~max~ (µg/mL)                                       1.16 (1.04--1.27)              1.14   1.96
  **Oral Application in Healthy Population**                                                 
  AUC~0--∞~ (µg/mL·h)                                  0.84 (0.51--1.47)              0.80   51.80
  CL (L/h)                                             1.22 (0.65--1.86)              1.14   2.83
  C~max~ (µg/mL)                                       0.88 (0.36--1.67)              0.79   5.95
  **Oral Application in Tuberculosis Population**                                            
  AUC~0--∞~ (µg/mL·h)                                  0.96 (0.69--1.31)              0.93   16.10
  CL (L/h)                                             1.08 (0.76--1.42)              1.02   1.04
  C~max~ (µg/mL)                                       0.69 (0.46--0.85)              0.66   13.82
  **Oral Application in Liver Cirrhosis Population**                                         
  AUC~0--∞~ (µg/mL·h)                                  1.09 (0.87--1.38)              1.30   11.27
  CL (L/h)                                             0.94 (0.72--1.14)              0.98   0.009
  C~max~ (µg/mL)                                       1.19 (0.99--1.46)              1.10   2.67

Ratio~(obs/pred)~: observed/predicted ratio for the pharmacokinetic parameter, AFE: average fold error, RMSE: root mean square error.
